The complete set of viable deletion strains in Saccharomyces cerevisiae was screened for sensitivity of mutants to five oxidants to identify cell functions involved in resistance to oxidative stress. This screen identified a unique set of mainly constitutive functions providing the first line of defense against a particular oxidant; these functions are very dependent on the nature of the oxidant. Most of these functions are distinct from those involved in repair and recovery from damage, which are generally induced in response to stress, because there was little correlation between mutant sensitivity and the reported transcriptional response to oxidants of the relevant gene. The screen identified 456 mutants sensitive to at least one of five different types of oxidant, and these were ranked in order of sensitivity. Many genes identified were not previously known to have a role in resistance to reactive oxygen species. These encode functions including protein sorting, ergosterol metabolism, autophagy, and vacuolar acidification. Only two mutants were sensitive to all oxidants examined, only 12 were sensitive to at least four, and different oxidants had very different spectra of deletants that were sensitive. These findings highlight the specificity of cellular responses to different oxidants: No single oxidant is representative of general oxidative stress. Mitochondrial respiratory functions were overrepresented in mutants sensitive to H2O2, and vacuolar protein-sorting mutants were enriched in mutants sensitive to diamide. Core functions required for a broad range of oxidative-stress resistance include transcription, protein trafficking, and vacuolar function.
C ells growing aerobically are exposed to reactive oxygen species (ROS) generated during metabolism. These include hydrogen peroxide (H 2 O 2 ), the hydroxyl radical (OH • ), and the superoxide anion (O 2
•Ϫ ), which can damage proteins, lipids, carbohydrates, and DNA. Oxidative stress occurs when cellular defense mechanisms are unable to cope with existing ROS, and it has been associated with a number of pathologies including cancer, cardiovascular disease, Down's syndrome, Friedreich's ataxia, aging, and agerelated diseases (1, 2) . ROS have been implicated in a caspaseindependent mechanism activating apoptosis (3) . In respiring cells, the primary source of ROS is leakage of electrons from the mitochondrial respiratory chain (4) . Saccharomyces cerevisiae cells that lack functional mitochondria or an intact electron transport chain or that have been treated with mitochondrial inhibitors are viable, but sensitive to ROS (5) (6) (7) (8) .
ROS can lead to cell death; however, cells possess a variety of defenses including cell-cycle delay (9) (10) (11) , the induction of enzymes such as catalases, peroxidases, and superoxide dismutases, and the synthesis of antioxidants such as glutathione, vitamins C and E, and ubiquinol (12) . Human and yeast cells can mount an adaptive response in which exposure to a low dose of an oxidant induces resistance to a higher dose (5, 6, 13) . In S. cerevisiae, there is overlap in the stress systems induced by treating cells with various oxidants. However, differences have been noted in sensitivity, in adaptive and cell-cycle responses to different oxidants or toxic products of ROS damage (5, 9, 10, 14, 15) , and in activation of the transcription factor Yap1p by H 2 O 2 or diamide (16) .
Most studies of oxidative stress at the molecular level have used a range of external oxidants or free-radical-generating compounds. Genomewide surveys of changes in transcripts and proteins have identified many genes that are activated or repressed in response to a few oxidants (17, 18) . These studies have provided insight on regulatory responses, but they have not revealed the relevance of these genes to survival, repair of damage, or cellular recovery. A number of antioxidant and repair processes have been characterized by isolating mutants affected by antioxidants or resistant to oxidants, or genes that confer resistance when overexpressed (19, 20) . Despite these studies, many mechanisms whereby cells are damaged by particular oxidants or protect themselves from damage remain to be identified.
The availability of a genomewide set of deletion strains (21) has enabled comprehensive screening of cellular functions involved in stress responses. Some genes that play a role may, when deleted, confer no specific phenotype because of gene redundancy or compensatory parallel pathways. However, this approach relies on the sheer number of genes under study and the fact that mutations affecting some components of an important function or pathway will show a phenotype of sensitivity or resistance. A preliminary screen has been performed for three types of oxidative stress on Ϸ600 strains of the EUROFAN collection (14) . Because this collection consists mainly of strains that were individually deleted for unknown function, the results of that survey were more relevant to identifying gene function than to identifying cell functions important in stress resistance. These results also indicated that many more genes involved in maintaining cellular resistance remained to be identified.
This study aimed at obtaining a comprehensive view of the cellular functions needed to maintain cellular viability to ROS by screening the S. cerevisiae deletion mutant collection (21) by using five different ROS: H 2 O 2 , linoleic acid 13-hydroperoxide (LoaOOH, a product of lipid peroxidation), menadione (superoxide-generating agent), cumene hydroperoxide (CHP, an aromatic hydroperoxide), and the thiol oxidant diamide. Preparation of Oxidant Plates. All plates were prepared 1 d before use. A single batch of SC agar was prepared and cooled to 50°C, oxidant (made fresh) was added, and the agar was immediately mixed and poured. CHP was prepared as a concentrated stock in N,N-dimethyl formamide. LoaOOH was synthesized by using the method of Evans et al. (22) . Plates were stored overnight at 4°C in the dark.
Methods
Oxidative-Stress Sensitivity Screening. Screening of sensitivity to oxidants was performed by modifying the method of Higgins et al. (14) . Strains were thawed and replicated to liquid YEPD in 96-well plates sealed with Breathe-Easy sealing membranes (SigmaAldrich) and incubated at 30°C for 2 d without stacking. Strains were diluted 1͞10 in 0.17% yeast nitrogen base͞0.5% ammonium sulfate by using a Biomek 2000 robotic work station, and OD 600 was read to ensure an equal concentration of cells in each well. By using a 96-pin replicator, cells were spotted on SC agar plates containing a range of concentrations of each oxidant, an SC control plate, and a YEPG plate to test respiratory function. Plates were incubated at 30°C for 2 d, and the growth of each mutant was compared with that of the WT on the same plate and with that of the mutant on the control SC plate. Mutants that showed no or severely impaired growth compared with the WT on oxidant plates were scored as sensitive and graded for sensitivity according to the highest concentrations on which the mutant could grow.
Computer Analysis. Statistical analysis of overrepresentation of functional groups was performed by using FUNSPEC (23) . All available databases were addressed by using a probability cutoff of 0.01 and the Bonferroni correction for multiple testing. Hierarchical clustering analysis of sensitivity and transcriptional data was performed by using GENESPRING VERSION 5 (Silicon Genetics, Redwood City, CA). Mutant sensitivity data were imported into GENESPRING and represented in the same way as gene induction data. Sensitive deletion strains were represented by red, with color intensity decreasing with decreasing sensitivity. Hierarchical clustering was performed in GENESPRING by using the Pearson correlation coefficient.
Results

Identification of 675 Deletant Strains with Altered Sensitivity to at
Least One Form of Oxidative Stress. Initially, concentrations of the different oxidants to which the WT showed sensitivity were determined by spot test analysis using a range of concentrations up to 3.5 mM H 2 O 2 , 0.08 mM LoaOOH, 5 mM menadione, 0.12 mM CHP, and 1.5 mM diamide. Known oxidative-stress-sensitive mutants were shown to be sensitive over this range (Fig. 1) .
Deletants from the genomewide set (n ϭ 4,546) were tested for sensitivity to five oxidants and resistance to two (H 2 O 2 and diamide). At least three concentrations of each oxidant were used to test for sensitivity, and one was used to test for resistance. This screen identified 675 deletants as sensitive and 45 as resistant to at least one oxidant. To rank the deletants in terms of their sensitivity, they were rescreened in a single experiment over a more extensive set of oxidant concentrations. In all, for each oxidant, seven concentrations were used: 0.75-1.6 mM H 2 O 2 , 0.5-1.2 mM menadione, 0.045-0.08 mM LoaOOH, 0.8-1.2 mM diamide, and 0.035-0.11 mM CHP. These data can be found in Table 2 , which is published as supporting information on the PNAS web site. Sensitive strains were ranked from one to six, with one denoting the most sensitive. 
Identification of Genes and Functions Required for Oxidative-Stress
Resistance. Of the 675 sensitive deletants, 219 were sensitive only to the highest concentration of at least one oxidant. Although these included GLR1 and HAP1 deletants, the majority of mutants known to be affected by oxidative stress were sensitive to more than one concentration. These included those affected in glutathione peroxidase (GPX3), thioredoxin (TRX2), cytochrome c peroxidase (CCP1), pentose phosphate pathway enzymes (GND1 and RPE1) and transcription factors for response to oxidative stress (YAP1 and SKN7). To ensure that mutants only weakly affected did not bias the analysis, the 456 that showed sensitivity to at least two concentrations of any oxidant were chosen for subsequent analysis.
The sensitivity data showed several striking features, the first of which was the number of genes involved. Relatively few genes were previously known for their involvement in protection from ROS, but this study identified many hundreds of other genes of equal importance. Secondly, no two oxidants gave the same or a similar profile of sensitivity, with more deletion strains sensitive to only one oxidant than to multiple oxidants ( Fig. 2A) . Therefore, there were very few mutants in which sensitivity could be ascribed to a general weakening of the cell by virtue of mutation.
The majority of the 456 deletions were of genes with no previously known association with oxidative-stress tolerance, including 157 genes of unknown function. To identify cell functions important in maintaining resistance, genes were grouped into functional categories (Table 1) according to FUNSPEC (23) .
The Electron Transport Chain Is Vital for H2O2 Tolerance. The most striking feature of H 2 O 2 sensitivity was the relative abundance of genes involved in mitochondrial function (Fig. 3) . This function had the greatest significance (P Ͻ 1.0 e Ϫ14 ) of any gene set examined (Table 1) . For all other oxidants, 21-34% of mutants were respiratorily deficient, compared with 88% of the H 2 O 2 -sensitive deletion strains. The main cluster of genes that when deleted gave sensitivity to only H 2 O 2 was primarily involved in mitochondrial function (Fig. 2 A) .
Respiratory chain functions were those required for H 2 O 2 tolerance. Strains with defects in mitochondrial protein synthesis or mitochondrial DNA maintenance were significantly overrepresented according to Munich Information Center for Protein Sequences (MIPS) classifications and Gene Ontology (GO) annotations (Table 1) , whereas strains with disruptions of the electron transport chain were strongly represented. Mutants affected in ubiquinone biosynthesis, subunits of complexes III and IV, and in assembly of complex III were sensitive. Complex III was of central importance (Table 1 ) because many strains deleted for its subunits (COR1, QCR7, QCR8, and CYT1) were sensitive. Additionally, deletion of CBP3, a complex III assembly gene, conferred sensitivity to H 2 O 2 . All of these results heavily implicate the need for a complete respiratory chain, in particular complexes III and IV, in maintaining resistance to H 2 O 2 .
Only five deletants showed resistance to H 2 O 2 . These included two subunits (THP2 and MFT1) of the four-member THO complex, which functions in transcriptional elongation and genome stability. Deletion of these genes results in transcriptionally activated hyperrecombination phenotypes (24) , which may implicate DNA recombination repair in correction of DNA damage known to be induced by H 2 O 2 (25) .
Lipid and Carbohydrate Metabolism Is Crucial for LoaOOH Tolerance.
S. cerevisiae does not synthesize polyunsaturated lipids, but it can take them up from the environment and incorporate them into membranes (26) . Hence, lipid peroxidation is a major source of membrane damage in these cells (22) . Mutants affected in ergosterol biosynthesis (ERG3), synthesis of mannosylated sphingolipids (SUR1 and CSG2), sterol uptake (ARV1 and PDX3), peroxisome function (PEX4, PEX19, and POT1), and vacuolar lipid degradation (AUT1 and CVT17) were mainly sensitive to LoaOOH, but not other oxidants. Peroxisome function is of central importance because strains lacking it were sensitive to only LoaOOH, and the peroxisomal biogenesis gene PEX17 is essential for cell-cycle delay during LoaOOH-induced stress (10) . Peroxisome may be the site of LoaOOH detoxification through its breakdown, or it may be needed for breakdown of other damaged lipids. Another potential site for the degradation of LoaOOH and other damaged lipids is the vacuole, because CVT17 is required for the degradation of subvacuolar lipid vesicles and has a role in the vacuolar breakdown of membranes (27) .
The most significant functional category of the LoaOOHsensitive mutants was involvement in regulation of C-compound and carbohydrate utilization (Table 1 and Fig. 3 ). The pentose phosphate pathway (GND1, RPE1, and TKL1) and control of the balance between glycolysis and gluconeogenesis were essential for resistance. Strains deleted for either phosphofructokinase 2 or fructose bisphosphatase 2 activities encoded by FBP26 and PFK26 (28) showed a high degree of sensitivity only to LoaOOH. Specificity to this stress was found for other aspects of carbohydrate metabolism, including trehalose metabolism (TPS1) and utilization of maltose, galactose, and raffinose (IMP2Ј). LoaOOH sensitivity was enhanced when genes involved in the TCA cycle, isocitrate dehydrogenase (IDH2), coenzyme Q biosynthesis (COQ1), cytochrome oxidase assembly (COX15), and F O -F 1 ATP synthase Gene lists were analyzed by using FUNSPEC (23) . P values represent the probability that the intersection of a given list of genes with any given functional category occurs by chance. e is the base of natural logarithms. MIPS, Munich Information Center for Protein Sequences; GO, Gene Ontology. Table 2 . Mit, mitochondria; Vac, VPS and vacuolar function; Met, metabolism; Pro, mRNA͞protein synthesis; CW, cell wall; O͞U, other͞unknown.
(ATP7), were deleted. It is proposed that energy is required to maintain active defense against lipid peroxidation in contrast to the need to avoid free-radical leakage from the electron transport chain during H 2 O 2 -induced stress (see below).
The Pentose Phosphate Pathway Is Required for Menadione Tolerance.
The superoxide-generating agent menadione gave the fewest sensitive deletion strains. A striking feature of menadione-sensitive mutants was the extreme sensitivity of those deleted for pentose phosphate pathway genes. Strains deleted for GND1, RPE1, and TKL1 were sensitive to the physiological oxidants H 2 O 2 and LoaOOH, but these were among the five most sensitive to menadione of all strains tested. This finding indicates that NADPH and possibly antioxidant functions that use NADPH have a more significant role in the detoxification of the superoxide ion than do other ROS.
Diamide Tolerance Needs Vacuolar Protein-Sorting (VPS) Functions.
Diamide preferentially oxidizes small (i.e., in terms of molecular weight) thiols and rapidly decreases the intracellular glutathione pool (29) . This may account for the distinctive pattern of mutant functions that led to diamide sensitivity relative to other oxidants ( Fig. 3 and Table 1 ). Many of the mutants displaying the phenotype of extreme sensitivity to diamide were impaired in VPS (Fig. 3) . The most sensitive mutants were those affected in endoplasmic reticulum (ER) protein sorting (SEC66 and SEC72), VPS class E (VPS25), vacuolar protein targeting (VPS3), and vacuolar import (VID28). Ergosterol metabolism, represented by ERG3, ERG4, and ARV1, is important during diamide stress. Deficiency in VPS is a common feature of these two groups (30) and highlights the importance of this process in a thiol-oxidizing environment.
Mutants elp2, elp3, elp4, and iki3, affected in the ELP transcriptional elongation complex, were conspicuous for their hypersensitivity and specificity to diamide ( Table 1 ). The ELP complex may be involved in the elongation of specific transcripts that are especially needed to combat thiol oxidation.
This curious spectrum of diamide-resistance genes may reflect the lack of free-radical generation, differentiating it from the other ROS. In Penicillium chrysogenum, diamide oxidizes glutathione and induces its synthesis, with no corresponding increase in intracellular peroxide or catalase activity (31) . It is likely, therefore, that diamide treatment affects cellular redox potential specifically, because glutathione is an abundant redox buffer and diamide can rapidly cross biological membranes (29) . Surprisingly, the mutations causing resistance to diamide included many affecting mitochondrial functions that, when deleted, led to H 2 O 2 sensitivity. Diamide-resistant mutants included HUT1, which encodes a putative disulfide isomerase located in the ER (32) . Diamide toxicity may therefore be mediated in part by disruption of appropriate disulfide isomerization in the ER. Disulfide bond formation of proteins in the ER therefore seems to be the main function that is sensitive to changes in cellular redox potential.
Transcriptional Regulation and Vacuolar Acidification Are Needed for CHP Tolerance. Transcription functions were significantly overrepresented in deletants sensitive to CHP, but not other oxidants ( Table 1) . As for other oxidants, the mutant lacking Yap1p was sensitive to CHP. However, strains with defective regulation of Yap1p were very sensitive to CHP. Thioredoxins negatively regulate Yap1p (33) , and the TRX2 deletion was sensitive. Strains deleted for GPX3 and YBP1, whose products are peroxide-signal transducers for Yap1p (34, 35) , were also sensitive.
Vacuolar acidification mutants were also overrepresented in those oxidants more sensitive to CHP than others, and this function constituted a major proportion of the overall vacuole grouping (Table 1 and Fig. 3) . Genes involved in cell wall function, including CWH36, SSD1, and ECM33 for synthesis and PAF1 and FYV3 for maintenance, were important in combating CHP-induced stress (Fig. 3) . Defects in the cell wall may increase permeability to this bulky molecule, resulting in increased toxicity.
Cellular Functions Needed for General Oxidative-Stress Resistance.
Whereas the extensive differences between deletion strains sensitive to ROS were striking, the mutants identified had common functions. Core functions required for general tolerance of oxidative damage were identified by those needed for resistance to at least four of the oxidants. These functions could be grouped into three broad categories: protein synthesis (transcription and translation), VPS, and cell wall biosynthesis and maintenance.
The most important cellular functions for all types of oxidative stress included those involved in gene expression; this finding highlights the requirement for de novo transcription in response to oxidative damage. Many strains lacking proteins associated with, or part of, the RNA polymerase II complex were sensitive to most of the oxidants, including those deleted for GAL11, SRB5, PGD1, ROX3, PAF1, and SIN3. Chromatin remodeling by means of the ADA and SAGA histone acetyltransferase complexes was important (SPT8, HFI1, and ADA2). The SWI͞SNF nucleosome remodeling complex was highly represented (SNF2, SNF5, SNF6, and SWI3). As expected, genes encoding the specific oxidative-stress transcription factors YAP1 and SKN7 were found to be essential for viability during all forms of oxidative stress. The YAP1 deletion mutant was more sensitive than that deleted for SKN7. Yap1p is known to have a larger role than Skn7p during oxidative stress and to be more specific to ROS than Skn7p (36) . Mutations resulting in defective translation initiation were sensitive to most ROS (DOM34, HCR1, EAP1, TIF3, and PAT1).
Protein sorting and vacuole function (VID28, PEP3, VID30, and LUV1), vacuolar acidification (VMA2 and VMA4), and ergosterol metabolism (ERG3, ERG4, and ERG5) were all VPS functions found to be required for broad resistance to oxidative stress. VPS follows protein synthesis and may be important during oxidative stress for processing and trafficking of response proteins and for removal of damaged proteins. Cell wall maintenance functions also were essential. Genes that when deleted conferred sensitivity included those directly affecting cell wall maintenance (CWH8 and CWH36) and others involved in cellular functions known to affect the cell wall (ADA2, FAB1, and PAT1). This may account for the importance of the VPS pathways, because they would be required for synthesis of cell surface components.
Most Genes Required to Maintain Resistance Are Not Induced in
Response to Oxidative Stress. All genes whose deletion conferred sensitivity were analyzed for their transcriptional response to oxidative and heat stress by using the data of Gasch et al. (18) , and our results for LoaOOH (N.A., V.J.H., and I.W.D., unpublished data). The sensitivity results and transcriptional data were clustered together, giving the transcriptional data the most weight to show the relationship between mutant sensitivity and expression of the relevant gene (Fig. 2B) . Genes important for resistance to oxidative stress were randomly distributed when compared with the clustered transcriptional data. Such a discrepancy between transcription and sensitivity has been shown in the case of DNA-damaging agents (37) . One of the very few exceptions was YAP1, which was upregulated during all stresses and which when deleted conferred sensitivity to all forms of oxidative stress.
Discussion
To date, Ϸ30 S. cerevisiae genes have been studied for their antioxidant function (1, 12) . This study has increased the number of genes involved in ROS resistance by at least 10-fold, to 456, including 157 genes of unknown function. These numbers are remarkable because lethal and multiple gene deletions were not examined; this result demonstrates the power of genomewide mutational analysis. Moreover, few results could be ascribed to mutations causing a general weakening of the cell, because few mutants were sensitive to all oxidants. This finding, coupled with the differences in functions identified, highlights the specificity of deletion mutant analysis. Functions whose role in ROS resistance have not previously been emphasized include VPS, vacuolar acidification, and ergosterol metabolism. Previously, a range of different oxidants has been used to study oxidative stress. The data presented here show that oxidative stress encompasses a broad range of cellular insults that have profoundly different and very specific physiological consequences for the cell, because many functions were uniquely required for resistance to only one ROS.
This specificity contrasts with the data obtained from gene expression studies using transcriptional or proteomic analysis (17, 18, 38) . These approaches are therefore very complementary. Analysis of protein changes in response to H 2 O 2 , and transcriptional changes in response to diamide, H 2 O 2 , menadione, and a shift in carbon source from glucose to oleate all showed a strong induction of classic Yap1p targets. These included the glutathione and thioredoxin detoxification systems and other well characterized antioxidant functions such as catalase and superoxide dismutase (17, 18, 38) . Gasch et al. (18) showed the existence of a large regulon of genes responding to a broad range of stress conditions including oxidative stress. The genes involved in this general stress response are controlled by the Msn2p͞Msn4p transcription factors. Therefore, there is a set of largely constitutive cell processes needed for maintenance of cell viability in the face of different oxidants; such functions depend on the nature of the oxidant. After these processes are overwhelmed by ROS, the cell has more general functions that are induced for detoxification, repair, or recovery from damage.
More detailed insight was gained on functions with a known role in oxidative stress. There is a remarkably specific requirement for an intact respiratory chain in defense against H 2 O 2 -induced stress. Whereas rho 0 petite mutants lacking all mitochondrial DNA are known to be sensitive to H 2 O 2 (6), the extent of mitochondrial involvement in defense against H 2 O 2 had not been previously understood. A requirement for energy was proposed to explain why petites are more sensitive than respiratorily competent strains (8) . This scenario seems less likely because H 2 O 2 -sensitive deletants did not identify a deficiency in other energy-generating reactions. The requirement for a complete respiratory chain is more likely to be caused by the mechanism of toxicity of H 2 O 2 . Respiratory chain complex III is responsible for Ͼ80% of the superoxide produced (39), and the presence of H 2 O 2 during enhanced superoxide production may be critical. The simultaneous presence of superoxide and H 2 O 2 in the cell would catalyze production of the reactive hydroxy radical by Fenton chemistry. Any transition metal ions would be reduced by the superoxide anion, leading to hydroxyl radical formation from H 2 O 2 (4). Additionally, protein oxidation is linked to ROS generated by semiquinones of the Q-cycle (40) . Despite the superoxide radical's conversion to H 2 O 2 during its detoxification (4), there was little overlap between the defense mechanisms for H 2 O 2 and menadione, especially in mitochondrial functions. This highlights the fact that superoxide and H 2 O 2 effects on the cell are fundamentally different, and it is consistent with the above hypothesis concerning the toxicity of superoxide in the presence of added H 2 O 2 and with the differences seen in crossadaptation between superoxide and H 2 O 2 (7).
Because protein metabolism was a core function for survival of all oxidants, protein damage would seem to be an essential component of their toxicity. Very few mutants affected in DNA repair were sensitive, excluding those involved in the repair of mitochondrial DNA. Protein, not DNA, damage may therefore be the major factor in the loss of cell viability as a result of oxidative stress.
These findings have wider implications, because ROS produced in the mitochondria have been linked to aging in a range of organisms including Caenorhabditis elegans and in S. cerevisiae (41, 42) . Further understanding of the role of the respiratory chain in the tolerance of ROS could provide insights on the role of ROS in the aging process. Mitochondrially produced ROS have been implicated in a caspase-independent mechanism of apoptotic induction in mammals (43) ; however, much of the work has been performed in yeast (1) . Yeast has been used as a model for the study of mitochondrial biogenesis in humans and to identify human disease genes involving mitochondria through the identification of yeast mitochondrial homologues that when deleted reduce fitness (44, 45) . Clearly the study of oxidative stress in yeast, especially the role of mitochondria, offers exciting insight on mechanisms involved in aging, apoptosis, and disease in higher organisms.
